Effect of Dietary Enrichment with n-3 Polyunsaturated Fatty Acids (PUFA) or n-9 PUFA on Arachidonate Metabolism in Vivo and Experimentally Induced Inflammation in Mice
Masaru DOSHI, a Shiro WATANABE,* ,a,b Tsuyoshi NIIMOTO, a Hiroshi KAWASHIMA, c Yoshiyuki ISHIKURA, lavage. On the other hand, a subcutaneous air pouch was formed on the back of ddY mice as described previously. 10) Five hundred microliters of zymosan solution (10 mg/ml in saline) were injected into the air pouch. Four hours after zymosan injection, mice were decapitated under diethyl ether anesthesia and the air pouch was washed with 1 ml of PBS-EDTA to obtain the lavage fluid. The fluid was used for the quantification of AA metabolites as described below.
Determination of Leukotriene Contents in the Lavage
Fluid PGB 1 (50 ng) (Cayman Chemicals, Ann Arbor, MI, U.S.A.) had been added as internal standard to PBS-EDTA used for the preparation of lavage fluid. The lavage fluid was centrifuged, and then the supernatant was adjusted to a final volume of 5 and 10 ml in cases of air pouch inflammation and peritonitis, respectively, with PBS-EDTA, which contained 10% methanol and 3 mM formic acid. The mixture was applied to a C18 cartridge (SPEC PLUS 3ML C18AR, ANSYS Diagnostics, Lake Forest, CA, U.S.A.), which was sequentially washed with 0.5 ml each of distilled water and hexane. LT were eluted from the cartridge with 0.5 ml of methanol and determined by the reverse-phase HPLC with a C18 column (YMC-Pack ODS-A 4.6 mmϫ250 mm, YMC, Kyoto, Japan) and methanol/water/acetic acid (72/28/0.01, v/v/v) at pH 5.7 containing 1mM EDTA-2Na as a mobile phase. UV absorbance at 280 nm was monitored for the detection and the quantification of leukotrienes.
11)
Determination of Prostaglandins Contents in the Lavage Fluid 6-Keto PGF 1a and PGE 2 contents in the lavage fluid were determined directly using enzyme immunoassay kits (Cayman Chemicals).
Determination of Leukocyte Accumulation during Zymosan-Induced Air Pouch Inflammation The number of leukocytes infiltrating into the air pouch was determined with a particle counter (Celltac MEK-5254, Nihon Kohden, Tokyo, Japan) 4 and 16 h after zymosan injection. A small aliquot of the lavage fluid was smeared on glass slides with Cytofuge (StatSpin An IRIS Company, Norwood, MA, U.S.A.). After drying the glass slides, the cells were stained with a Diff-Quick staining kit (Kokusai Shiyaku, Kobe, Japan) for the estimation of leukocyte subpopulation.
Freund's Adjuvant-Induced Air Pouch Granuloma Granuloma formation was induced by injecting Freund's complete adjuvant (DIFCO Laboratories, Detroit, MI, U.S.A.) containing 0.1% croton oil (Wako Pure Chemicals Co. Ltd.) (FCA/CO) into the air pouch of female Balb/c mice essentially as described by Jackson et al. 12) Six days after FCA/CO injection, mice were anesthetized with pentobarbital (Nembutal, Dynabot, Abbott Park, IL, U.S.A.), and granuloma tissue was excised and weighed.
D-Galactosamine/Lipopolysaccharide-Induced Liver Injury In ddY mice fed the test diets for 3 weeks, D-galactosamine and lipopolysaccharide (GalN/LPS, Sigma) dissolved in saline were injected intraperitoneally at doses of 800 mg/kg and 25 mg/kg, respectively. To evaluate the liver injury, alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities in serum at 6 h after GalN/LPS injection were determined spectrophotometrically (U-1500, Hitachi, Tokyo, Japan) using commercially available kits (Wako Pure Chemicals Co. Ltd.).
Analysis of Fatty Acid Composition of Total Lipids in Mouse Peritoneal Cells
The total lipids in mouse peritoneal cells were extracted according to the method of Bligh and Dyer. 13) Fatty acids in total lipids were converted into methyl esters by treating with methanolic HCl (5%, w/v) for 1 h in a boiling water. Fatty acid composition was analyzed by gas-liquid chromatography with a capillary column coated with fused silica (DB-225, J&B Scientific, Folsom, CA, U.S.A.).
Statistical Analysis Statistical analysis was performed by an analysis of variance (ANOVA) with a Bonferroni's post hoc test for multiple comparison among the dietary groups. The values for the serum ALT and AST activities in GalN/LPS-induced liver injury were logarithmically transformed and then analyzed.
RESULTS

Generation of 5-LO and COX Metabolites of AA during Zymosan-Induced Acute Inflammation
The accumulation of 5-LO and COX metabolites of AA in the peritoneal cavity or in the air pouch after zymosan injection is shown in Fig. 1 . LTE 4 contents in the peritoneal cavity were significantly lower in the n-3 and n-9 PUFA-rich diet groups than in the control diet group (Fig. 1A) . The effects of n-3 and n-9 PUFA on the contents of LTC 4 were similar to those on LTE 4 contents (data not shown). 6-keto PGF 1a contents in the peritoneal cavity were significantly lower in the n-3 PUFA-rich diet group than in the control diet group, but no difference was observed between the n-9 PUFA-rich diet and the control diet groups. LTB 4 contents in the air pouch were significantly lower in the n-3 and n-9 PUFA-rich diet groups than in the control diet group (Fig. 1B) . PGE 2 contents in the air pouch were significantly lower in the n-3 PUFA-rich diet group than in the control diet group, but no difference was observed between the n-9 PUFA-rich diet and control diet groups.
Leukocyte Accumulation during Zymosan-Induced Air Pouch Inflammation Leukocyte numbers accumulated in the air pouch were determined at both 4 and 16 h after zymosan injection (Fig. 2) . However, the number of leukocytes in the air pouch was not significantly different among the three dietary groups at both time points after zymosan injection.
Freund's Adjuvant-Induced Granuloma Formation Fatty acid composition (w/w %) was analyzed by gas-liquid chromatography. Fatty acids are expressed as carbon chain: the number of double bonds, and the first double bond numbered from the methyl terminus is designated as n-3, n-6 or n-9. ND: not detected.
Granuloma weight formed in the air pouch 6 d after the injection of FCA/CO was significantly lower in the n-3 PUFA-rich diet group than in the control diet group, but no difference was observed between the n-9 PUFA-rich diet and the control diet groups (Fig. 3) .
GalN/LPS-Induced Liver Injury Serum ALT and AST activities in GalN/LPS-treated mice were significantly elevated as compared with those in the saline-treated mice. In GalN/LPS-treated mice, serum ALT and AST activities were significantly lower in the n-3 and n-9 PUFA-rich diet groups than in the control diet group. Serum ALT and AST activities in the n-9 PUFA-rich diet group were lower than in the n-3 PUFA-rich diet group (ALT: n-3 PUFA-rich diet group; 492Ϯ259 IU/l, n-9 PUFA-rich diet group; 104Ϯ13 IU/l, AST: n-3 PUFA-rich diet group; 366Ϯ151 IU/l, n-9 PUFArich diet group; 181Ϯ21 IU/l) (Fig. 4) .
Fatty Acid Composition of Total Lipids in Peritoneal Cells
The fatty acid composition in the peritoneal cells from the mice fed the experimental diets is shown in Table 2 . Compared with the control diet group, DHA content was significantly higher in the n-3 PUFA-rich diet group and AA content was significantly lower. The contents of other n-3 Fig. 1 . Effect of Dietary n-3 or n-9 PUFA on Eicosanoids Generation in Zymosan-Induced Acute Inflammation Mice were fed a diet supplemented with palm oil (control), n-3 PUFA (n-3) or n-9 PUFA (n-9) for 3 weeks. (A) Zymosan suspended in saline (1 mg/mouse) were injected into the peritoneal cavity to induce inflammation. Thirty minutes after zymosan injection, the peritoneal cavity was washed with PBS to obtain lavage fluid. LTE 4 and 6-keto PGF 1a in the lavage fluid were determined as described in Materials and Methods. (B) Zymosan suspended in saline (5 mg/mouse) were injected into the air pouch to induce inflammation. Four hours after zymosan injection, the pouch was washed with PBS to obtain lavage fluid. LTB 4 and PGE 2 in the lavage fluid were determined as described in Materials and Methods. Values are meansϮS.E. (nϭ7-12). Statistical analysis was performed with an ANOVA and then a Bonferroni's post hoc test ( * pϽ0.0167 vs. control, † pϽ0.0167 vs. n-3).
Fig. 2. Effect of Dietary n-3 or n-9 PUFA on Leukocyte Migration in Zymosan-Induced Air Pouch Inflammation
Mice were fed a diet supplemented with palm oil (control), n-3 PUFA (n-3) or n-9 PUFA (n-9) for 3 weeks. Zymosan suspended in saline (5 mg/mouse) were injected into the air pouch to induce inflammation. The pouch was washed with PBS 4 and 16 h after zymosan injection to obtain lavage fluid. The number of leukocyte in the lavage fluid was determined. Values are meansϮS.E. (nϭ9-10).
Fig. 3. Effect of Dietary n-3 or n-9 PUFA on Granuloma Formation in Murine Air Pouch Granuloma Model
Mice were fed a diet supplemented with palm oil (control), n-3 PUFA (n-3) or n-9 PUFA (n-9) for 3 weeks. FCA/CO was injected into the air pouch and 6 d later, mice were anesthetized with pentobarbital and granuloma tissue was exised and weighted. Values are meansϮS.E. (nϭ6-8). Statistical analysis was performed with an ANOVA and then a Bonferroni's post hoc test ( * pϽ0.0167 vs. control). Fig. 4 . Effect of Dietary n-3 or n-9 PUFA on Serum Transaminase Activity in GalN/LPS-Induced Liver Injury PUFA such as EPA and 22 : 5n-3 were also higher in the n-3 PUFA-rich diet group than in the control diet group. A significant amount of ETrA was incorporated into the peritoneal cell lipids of the n-9 PUFA-rich diet group and a reduction in AA content was also observed as compared with the control diet group. However, the AA content of n-9 PUFA-rich diet group was significantly higher than that of n-3 PUFA-rich diet group. A small but significant increase in the contents of 20 : 2n-9 and 22 : 3n-9 were observed.
DISCUSSION
It has been demonstrated that the incorporation of dietary n-3 or n-9 PUFA and their inhibitory effects on LT generation are attenuated by increasing dietary content of linoleic acid (18 : 2n-6), a precursor of AA, which is associated with the increase in AA content in cellular lipids. 6, 14) In the present study, the contents of linoleic acid in the control, n-3 PUFA-and n-9 PUFA-rich diets were set at comparable levels around 20% (w/w) in total fatty acids (Table 1 ). In addition, the contents of oleic acid (18 : 1n-9), another major fatty acid in the test diets, were also quite similar among them. The major differences from the control diet were the contents of EPA and DHA in the n-3 PUFA-rich diet and those of 18 : 2n-9 and ETrA in the n-9 PUFA-rich diet. These wellcontrolled test diets with regard to their fatty acid composition enabled us to compare precisely the effectiveness of dietary n-3 PUFA and n-9 PUFA enrichment on AA metabolism and the experimentally induced inflammation.
ETrA is released from the membranes like AA upon stimulation of cells 7) and then is converted into LTA 3 by 5-LO, which is reported to inhibit the conversion of LTA 4 to LTB 4 by LTA 4 hydrolase 15) as well as that of LTA 4 to LTC 4 by glutathione-S-transferase. 16) It is also reported that ETrA was not a substrate for cyclooxygenease (COX) because of the absence of a double bond at its n-6 position, 17) suggesting that ETrA was less potent to inhibit PG formation. However, these lines of evidence for the effects of n-9 PUFA on the metabolism of AA by 5-LO and COX have been provided by the examinations with isolated cells or enzymes. In contrast, we were able to demonstrate the modulation of 5-LO and COX metabolism of AA during inflammatory processes in vivo by dietary n-9 PUFA enrichment. The inhibition of 5-LO metabolism by n-9 PUFA enrichment was actually demonstrated in the sites of acute inflammation (Fig. 1) . On the other hand, the effect of dietary n-9 PUFA on COX metabolism of AA in vivo has not been examined. The present study revealed that dietary n-9 PUFA enrichment did not inhibit COX metabolism of AA in vivo.
LTB 4 is a potent chemotactic factor for leukocytes and is involved in various types of leukocyte-mediated inflammatory diseases. 18) In the present study, LTB 4 generation was decreased by dietary enrichment with n-3 and n-9 PUFA (Fig. 1) , but was not associated with the suppression of leukocyte accumulation during acute inflammation (Fig. 2) . When we applied MK-886, a 5-LO selective inhibitor, directly into the air pouch at early phase after the induction of acute inflammation by zymosan injection, LTB 4 generation was almost completely inhibited and a significant inhibition of leukocyte accumulation was observed (data not shown). Byrum et al. have demonstrated that leukocyte accumulation was attenuated in the mice lacking both 5-LO-and LTA 4 hydrolase, which did not generate LTB 4 during zymosan-induced peritonitis.
19) The reduction of LTB 4 content in the air pouch induced by an oral administration of MK-886 (Ϫ44.2%) was not associated with the suppression of leukocyte accumulation (our unpublished data). Consequently, a complete inhibition of LTB 4 generation may be required to suppress leukocyte accumulation during acute inflammation. A partial inhibition of LTB 4 accumulation by n-3 PUFA-(Ϫ49.2%) or n-9 PUFA-rich diet (Ϫ49.9%) might be insufficient to inhibit leukocyte accumulation during zymosan-induced inflammation (Fig. 1) .
We found that dietary enrichment with n-3 PUFA but not n-9 PUFA suppressed granuloma formation in Freund's adjuvant-induced air pouch inflammation (Fig. 3) . This observation can be also explained by the differential effects of n-3 PUFA and n-9 PUFA on 5-LO and COX metabolism of AA. Previous reports have demonstrated that the administration of COX inhibitors such as indomethacin and aspirin reduced granuloma formation, 20, 21) although 5-LO inhibitor had no effect.
12) Therefore, the inflammatory processes predominated by COX over 5-LO metabolites of AA may be attenuated more effectively by n-3 PUFA enrichment than n-9 PUFA enrichment.
It has been shown that several types of lipoxygenase inhibitors are effective in suppressing the liver injury induced by GalN/LPS in mice. 22, 23) In addition, it is known that tumor necrosis factor (TNF) released from macrophages upon LPS stimulation plays a pivotal role in the liver injury induced by GalN/LPS. [24] [25] [26] Schlayer et al. reported that TNF production by LPS is involved in neutrophil adherence to sinusoidal endothelial cells of liver. 27) Therefore, the inhibitoin of LT synthesis could attenuate GalN/LPS-iduced liver injury by sup- pressing neutrophil activation. TNF generation is known to be limited by endogenous COX metabolites of AA, 28) and the inhibition of COX metabolism of AA caused a detrimental effect on GalN/LPS-induced liver injury. 29) Therefore, the preferential inhibition of 5-LO over COX metabolism of AA by the n-9 PUFA-rich diet can account for its more potent suppression of liver injury induced by GalN/LPS (Fig. 4) . In contrast, since the n-3 PUFA-rich diet inhibits both 5-LO and COX metabolism of AA (Fig. 1) , the effectiveness of n-3 PUFA-rich diet on GalN/LPS-induced liver injury might be less potent than that of n-9 PUFA-rich diet (Fig. 4) .
In the present study, we demonstrated that the effects of dietary n-3 PUFA inhibited both 5-LO and COX metabolism of AA during inflammatory processes in vivo although n-9 PUFA inhibited preferentially 5-LO over COX metabolism of AA. The differential effects of n-3 and n-9 PUFA-rich diets on the granuloma formation and GalN/LPS-induced liver injury may reflect their differential inhibition of 5-LO and COX metabolism of AA. Our results also suggested that there might be inflammatory conditions of which the dietary n-9 PUFA enrichment suppresses more effectively than the dietary n-3 PUFA enrichment. Therefore, the effectiveness of dietary n-9 PUFA enrichment for other kinds of inflammatory reactions needs to be compared with n-3 PUFA.
